Los Alamos is planning a new compact multi-pulsed electron linear induction accelerator (LIA) for flash radiography of explosively driven hydrodynamic experiments, the Advanced Radiography Induction Accelerator (ARIA). In order to operate in multi-pulse mode without the need to reset the inductor cores between each pulse, the design incorporates amorphous metallic glass cores. Due to their high magnetic saturation value, these provide enough volt-seconds for sequential pulsing before reaching saturation. Although metallic glass cores are used extensively, their behavior depends greatly on the particular formulation and on the specific application. For this reason, we have undertaken an effort to better characterize the cores under consideration and use this data to develop models that can be used in EM simulations. We present the characterization of two types of cores being considered: Metglas 2605CO and 2605HB1M cores. We include detailed measurements of BH curves at various magnetization rates, measurements of multiple pulses on the same core, and initial modeling efforts.
I. INTRODUCTION
Los Alamos National Laboratory is developing a new multi-pulse electron linear induction accelerator (LIA) for a future radiographic facility. One possible design [1] calls for multi-pulse operation without resetting the inductor cores between each pulse. The ferromagnetic core is a key component of an LIA induction cell: the cell uses the magnetic core to transfer the energy from the input power source to the particle beam. The core acts as a 1:1 transformer, with the beam as the secondary, and must stay below saturation for the duration of the pulse (or pulses). The required volt-second product to support n pulses is derived from Faraday's law, assuming a change in flux Δφ = ΔBAC over a constant area AC.
In its simplified form, it indicates that for a core to support n pulses of amplitude V0 [V] and total width nΔtp [s], given a core effective cross sectional area AC [m] , requires a flux swing ΔB [T] . One therefore wants ΔB, a characteristic of the material, to be as high as possible. The most promising materials are amorphous metallic glasses, such as currently used by DARHT-II [2] . We tested two formulations: Metglas 2605CO and 2605HB1M. While Metglas 2605CO has been available for some time, detailed hysteresis curves at the magnetization rates of interest are not available in the published literature. Our aim is to fully characterize each material at a relevant magnetization rate and use the data to develop a SPICE model that can reproduce its response to an arbitrarily shaped input pulse or pulses. Such a model may then be incorporated into a full device circuit model, as well as into other EM simulation codes.
II. CORE MATERIALS INVESTIGATED

A. Hysteresis curve
The flux swing ΔB [T] of a material is obtained by * Work supported by the US National Nuclear Security Agency and the US Department of Energy under contract DE-AC52-06NA25396 ξ email: taccetti@lanl.gov measuring its hysteresis curve, its nonlinear response to an applied magnetic field H. If starting out from a demagnetized state, the material responds as shown in Fig. 1 , a measurement of Metglas 2605HB1M at a slow (0.06 T/s) magnetization rate (courtesy of Metglas, Inc. [3] ). Following an initial low permeability μ, where B = μH (μ = μ 0 μr, μr is the relative permeability, and μ 0 = 4π×10 -7 Hm -1 ), the material has a large μr,unsat ~ 10 6 until it reaches a saturation value μr,sat ~ 5×10 3 . All the individual magnetic domains, originally randomly oriented, align to the applied field until they reach a saturation value. Once H is decreased from its saturation value, it doesn't retrace its initial curve, but rather follows a new path, leading to a remanent flux density Br at H = 0. As H oscillates about zero, B follows a cyclic hysteresis curve. Labeled on the figure are various properties: coercivity Hc, saturation field Bsat, and remanence field Br. Some properties, such as Hc, only hold for slow (DC) magnetization, while others, such as Bsat and Br, also hold for fast magnetization.
The shape of the curve depends both on the material and on the magnetization rate (including the shape of the excitation pulse used). The area enclosed by the curve, which represents the losses in the core, will increase with magnetization rate. The maximum flux swing available is typically ΔB=Br+Bsat. (For materials with more rounded hysteresis curves, it's advantageous to use active reset, where the core is held at -Bsat prior to operation; in that case ΔB=2Bsat.) Core reset is achieved by applying a high enough DC magnetic field to saturate the core in the direction opposite to normal operation, leaving the core at ±Br when H is lowered back to zero.
B. Material properties
We require cores with the largest possible ΔB in order to support either one or multiple pulses without resetting between pulses. Amorphous metallic glasses are ideal candidates, as they have a very high ΔB. Table 1 contrasts ΔB of the two materials we measured with that of Ni-Zn ferrite. The metallic glass cores have a ΔB about 5× that of ferrite. On the other hand, the resistivity ρ is much lower for amorphous metallic glasses. Because of this, eddy currents now become an issue. This is mitigated by making the core out of very thin laminations that present a small cross-sectional area to the flux (in actuality spiral wound tape). Laminations are 25 μm thick, on average, with 4 μm Mylar insulation between them.
Although values for ΔB given in Table 1 were obtained at slow magnetization rates, they will be the same at fast magnetization rates. Losses, on the other hand, will increase. Given the number of cores required to accelerate the beam in an LIA, this has a large impact on the circuit providing the driving voltage.
III. MEASUREMENTS
Ideally one would like to measure the properties of the material at operating conditions. Since LIA's typically operate at voltages in the 100's of kV, this is not easy to do. The next best thing is to characterize them at achievable yet relevant magnetization rates, with a final test at operating conditions. We characterized the cores using two excitation methods: a sinusoidal and a square pulse input.
The first method used a capacitor bank discharge, with a voltage up to 12 kV and a 1/4 period of 10 μs [5] . The capacitor bank is discharged into a coil wound around the core (the primary), and a Pearson current transformer (CT) is used to measure the input current, providing H. Induced voltage on another loop wound around the core (secondary) provides a measurement of the flux, from which the flux density B is calculated.
The second method used an HV pulser that provided unipolar square pulses up to 4.5 kV in magnitude with a rise time of 20 ns and a pulse length of 2 μs. A coaxial structure was used, as shown in Fig. 2 . The inner conductor of the input goes through center of the core, and current returns on the outside via eight symmetrically spaced rods. The input current is again measured using a Pearson CT around the input center conductor. Although the CT (containing a ferrite core) forms part of the circuit into which the magnetic flux is induced, it makes only a small perturbation to the measurement due to the relatively much larger permeability of the amorphous metal core. The secondary is only wound around the core under test.
In both cases, the core is initially reset to -Br. The sinusoidal source easily drives the core to saturation and cycles it a few times around the hysteresis loop. The square pulse source does not. In the latter case, consecutive pulses were recorded without resetting between each pulse until the core saturated. (Ideally one would use two pulses delayed by a given Δt on a single shot, thereby seeing the effect of the first pulse on the second -we plan to do this in the near future.) Fig. 3 shows an overlay of both excitation methods for 2605HB1M. The sinusoidal excitation, at 0.3 T/μs, is shown in gray. The value for ΔB is the same as obtained at slow magnetization rates, but the shape of the curve is different. Noticeable is the initial overshoot (local maximum in H), when the magnitude of H increases from zero in either direction. The pulses are shown stacked such that the start of a pulse begins at the end of the previous pulse. At a magnetization rate of 0.35-0.30 T/μs (highest for first pulse), it took just over 5 consecutive pulses to reach saturation. The measurements were corrected for DC voltage offset, using the same correction on all pulses, with the constraint that, when stacked, the total ΔB matches that obtained with sinusoidal excitation. Dashed lines show uncorrected, solid show corrected. The initial overshoot is present in all of the pulses, regardless of their initial B. This is due to eddy currents preventing flux from diffusing into the core. Similar measurements on 2605CO are shown in Fig. 4 . Once again, the sinusoidal excitation is shown in gray, this time at 1.8 T/μs (H is 4× compressed). The initial overshoot is significantly higher in this case, and can also be seen in the individual pulses. In this case, at a magnetization rate of 0.48-0.11 T/μs (highest for first pulse), it took just over 8 pulses to reach saturation. Although ΔB is slightly higher for 2605CO, it is not high enough to account for the extra number of pulses. The higher overshoot and the additional number of pulses required to reach saturation are a consequence of the flux not diffusing as rapidly into this material (at this voltage). This is a function of applied electric field, so we expect this to be less of an issue at higher applied voltages (we will soon confirm this by testing on cores with a reduced number of turns, thereby reaching a higher E field for the same applied V). The same DC voltage offset correction and stacking procedure was used as for the 2605HB1M case (dashed line is uncorrected, solid is corrected).
IV. MODELING
As was shown, core hysteresis curves include a combination of effects due to: material composition, magnetization rate, and excitation waveform. We want a model that will capture all of these effects. To this end, we are developing a SPICE circuit model that can then be included in a full LIA pulsed power circuit model. It must be able to deal with arbitrary shape and frequency inputs and be able to correctly model major and minor loops (essential for multi-pulsed operation).
This problem has been studied by many for over a century. A survey of magnetic core models was performed by Takach and Lauritzen in 1995 [6] , where they roughly subdivided existing core models into theoretical, empirical, and hybrid types. We performed an exhaustive search, including these and many newer models, and found one that gives the best results for our application. This is the hybrid model by Mandache et al. [7] .
The model by Mandache et al. takes into account ferromagnetic nonlinearity with saturation, static hysteresis, and eddy currents of the core. It is implemented on Intusoft ICAP/4 software, uses SPICE primitives so that it can run on other SPICE implementations, and is thereby easy to include as a subcircuit in a more complex circuit. It also has short computer run times (~10 seconds in our case). Mandache et al. exploit the analogy between a ferromagnetic core and an electrical circuit, so that the nonlinear function B(H) is represented by i(V). They model a ferromagnetic piece of cross-section S and length l, threaded by a uniform magnetic flux φ under a magnetomotive force um, as a voltage controlled non-linear resistance traversed by a current i ≡ φ with a voltage across it given by u ≡ um. They also present a SPICE netlist that we used as our starting point. We modified it slightly to ensure convergence for our particular application.
The model clearly separates out physical processes into models: the driving source, input model, anhysteritic characteristic model, hysteresis model, and eddy current model. The driving source models the input circuit, taking actual current and voltage as inputs. The input model includes the coil that induces a flux into the core; here the analogy is made between current and flux and between voltage and magnetomotive force. The remaining model components use φ and um to provide B as a function of H. The inputs to the model are:
• DC resistance of the winding • winding number of turns • cross-section, length and shape factor of the core • saturation flux density • parameters related to shape of initial magnetization curve and static hysteresis • level of equivalent eddy current Our initial results show promise. We achieved qualitative agreement with our measurements. We have obtained hysteresis shapes like those shown in Figs. 3 and 4 , as well as minor loops for both sinusoidal and bipolar square pulse excitation (Figs. 5 and 6, respectively) . There is still a lot of work to be done, including modeling unipolar minor loops from an arbitrary initial state, applying eddy currents correctly to each minor loop, and using actual magnetization rates and input pulse shapes to match model outputs to data.
In addition, as the magnetic field is stronger for smaller core radii (H ∝ 1/r), the flux will not be uniform within the core cross-section. We will incorporate this into the model by dividing the core cross-section into radial sectors, each with its own flux and magnetomotive force, as done, for example, by Zentler [8] . 
